ABSTRACT. Rapid changes in Helheim Glacier and other Greenland outlet glaciers since 2000 are wellknown, but knowledge on earlier decades is fragmentary. Here we exploit the satellite image archives to produce and analyze a monthly-to-seasonal record of Helheim Glacier front position, 1980-2011. Statistical analysis identifies decadal periods with abrupt changes in variability and mean. The record also reveals evidence of volatile advance/retreat behavior in the 1980s. In one of several cases of large-amplitude subannual changes, the glacier front 'surged' forward in 1984/85, advancing ∼6 km within a few months -surpassing its Little Ice Age maximum position -and afterward retreated ∼5 km within a few weeks. These findings challenge the prevailing view of front position stability in the decades before the multi-year retreat in the early 2000s. Cold conditions including rigid ice mélange appear to be a factor in the high-amplitude seasonal advances in the 1980s. However the magnitude and abruptness of the changes in the record cannot be explained solely as a climatic response, such that glacio-dynamics must be invoked. Further, the volatile advance/retreat behavior in the cold 1980s resulted in increased dynamic ice loss, complicating the interpretation of increased calving activity as a response to warming.
INTRODUCTION
Ice discharge from marine-terminating outlet glaciers accounts for approximately half the recent mass losses from the Greenland Ice Sheet (van den Broeke and others, 2009) . Rapid changes in ice velocity and discharge from marine-terminating glaciers in the 2000s have been widely reported ( Rignot and Kangnaratham, 2006) , particularly in southeast Greenland, apparently in response to oceanic and/or atmospheric warming others, 2007, 2008 ; Murray and others, 2010 ; Seale and others, 2011) . The dynamical behavior of marine-terminating glaciers, including Helheim Glacier, has also been the subject of numerical modeling studies (Nick and others, 2009, 2013) , stressing the importance of changes at the terminus or calving front. The recent variability of Helheim Glacier ice velocity and calving front position has been studied in detail using satellite remote sensing (e.g. Rignot and others, 2004 ; Howat and others, 2005 Howat and others, , 2007 Howat and others, , 2008 ; Stearns and Hamilton, 2007; Joughin and others, 2008 ; Schild and Hamilton, 2013) . However, knowledge on its variability before the 2000s is fragmentary, as there are few long-term observational records with high temporal resolution.
Multidecadal satellite studies of Helheim and other outlet glaciers have provided valuable long-term perspective, as have century-scale sediment-based proxy records of Helheim Glacier calving activity (Andresen and others, 2012 ; Andersen and others, 2014) . However, long-term satellite studies typically have low temporal resolution and/or discontinuous, fragmentary sampling. Howat and Eddy (2011) studied glaciers around Greenland including Helheim from the early 1970s to 2010. They found that the magnitude and extent of retreat increased in the early 1990s, coincident with the onset of warming following several decades of cooling and glacier stability. Their results suggest that the retreat over the decade 2000-2010 is the most extensive of the four decades surveyed; however, that study did not resolve sub-decadal variability but used decadal aggregation based on a few individual years. Mernild and others (2012) covered the period 1972-2011, but used only 5 years dispersed over the period. Bjørk and others (2012) spanned several decades using archival aerial photographs and satellite images, but again with several years between observations. Luckman and others (2006) studied Helheim Glacier surface velocity and front position back to 1992, finding that the velocity remained steady during the 1990s despite progressive and substantial thinning of ∼2 m a −1 near the terminus ( Abdalati and others, 2001 ).
There have been two studies of Helheim Glacier that have covered at least two decades at high temporal resolution. Johannessen and others (2011) produced an annual (end of summer) record of calving front position from 1981 to 2010, and found interannual variability to be more strongly correlated with air temperature than ocean temperature; however, subannual variability (e.g. seasonal advance/ retreat) was not resolved. Bevan and others (2012) produced a subannual to annual record from 1985 to 2011, improving on the records by Luckman and others (2006) and Johannessen and others (2011) , although the temporal sampling in some years (1985/86 and 1993-95) has gaps such that the seasonal fluctuations are missing.
The prevailing view from previous studies is that, on the one hand, Helheim is a dynamic glacier that can change rapidly, as evidenced by a 6 + km multi-year retreat, 2001-05 ( Howat and others, 2005) . On the other hand, the glacier is widely assumed to have been stable in the preceding decades, for example: (a) 'several decades of apparent stability' (Howat and others, 2008) , (b) the front 'appears to have been relatively stable from 1985 to 2001, varying only 1-2 km' (Johannessen and others, 2011) and (c) 'prior to retreat and acceleration, Helheim is shown to be stable for at least 16 years' with only 'some evidence of interannual variability' (Bevan and others, 2012) . Except from the singular retreat then re-advance in the early 2000s, no rapid changes of comparable magnitude have actually been observed before or since. A fundamental question is whether this apparent stability is real or rather due to sampling limitations of previous studies of Helheim Glacier. It is important to expand the observational datasets in order to ascertain the full range of natural variability.
Here we exploit the satellite archives to produce and analyze a high temporal resolution (monthly-seasonal) record of Helheim Glacier front position, 1980-2011. The new aspects are: (1) unprecedented length for a high-resolution record, which extends the published record (Bevan and others, 2012) with improved temporal sampling, thereby resolving seasonal to interdecadal variability; (2) identification of decadal and sub-decadal periods marked by abrupt changes in mean and variability of the front position; (3) identification of previously-unreported volatile advance/retreat behavior in the 1980s and (4) identification of decadal differences in calving activity resulting from different dynamical behavior.
DATA AND METHODS

Study area
Helheim Glacier (66.4°N, 38°W) is one of the largest Greenland outlet glaciers in terms of ice-sheet drainage basin area and ice discharge (Fig. 1) . Based on ice discharge, Helheim has been ranked as the third (e.g. Rignot and others, 2004) or fifth largest (Enderlin and others, 2014) , depending on the study period, underscoring the importance of temporal sampling. Helheim is also one of the fastest flowing; depending on the study and period sampled, its typical speed ranges from 5 to 6 km a -1 (∼15 m d -1 ) from 1986 to 1995 ( Luckman and others, 2006; Bevan and others, 2012) , and between 7 and 11 km a -1 (21-30 m d
) during the 2000s ( Bevan and others, 2012) . The glacier flows through a large steep-walled fjord with complicated bed topography (Schjøth and others, 2012; Bamber and others, 2013; Morlighem and others, 2014) that has an influence on the calving front, which is 5-6 km wide and ∼900 m thick near its terminus position (Joughin and others, 2008) . It is the largest of the three tidewater glaciers that terminate into Sermilik Fjord, the largest fjord system in southeast Greenland. Sermilik Fjord has a connection to temperate Atlantic waters from branches of the Irminger Current that can reach the southeast Greenland shelf, flow beneath the cold ice-laden East Greenland Current (EGC) and East Greenland Coastal Current (EGCC) and penetrate and circulate at depth in the fjord. Although temperate waters reaching the southeast Greenland shelf is not only a recent occurrence, there are indications of a marked increase that began in the mid to late 1990s (Johannessen and others, 2011; Andresen and others, 2012; Straneo and Heimbach, 2013) . The temperature of subsurface waters (200-600 m depth) within the fjord is on the order of 4°C, compared with -1°C for the surface waters (Straneo and others, 2010; Johannessen and others, 2011) .
Satellite data and geographic information system (GIS) integration
We compiled an extensive amount of satellite data, including unexploited archival satellite images from the 1980s, in order to produce a longer high-temporal-resolution data record than in previous studies. The temporal coverage is densest during spring/summer/autumn (from March to October), while synthetic aperture radar (SAR) data cover the winter months as well. During the period from March to October for each year, we have at least one image mon −1 , usually more than one.
Altogether we acquired nearly 1000 images from several sensor systems. The number of images from each sensor system analyzed here is summarized in Table 1 . Most Landsat 5 and 7 thematic mapper (TM) and Landsat-7 Enhanced Thematic Mapper Plus (ETM+) data over Greenland are ortho-rectified using known satellite positioning, sensor orientation, ground control and a DEM. Landsat 1-5 multispectral scanner are processed to a level in which geometric corrections are applied using only satellite positioning, which we improved with a tie-point co-registration. The scan-line correction (SLC) system on the ETM+ failed in May 2003, however, these data are of the same radiometric and geometric quality as the SLC-on data. To mitigate the impact of the data stripes on our analysis, we used a de-striping algorithm for Landsat7 SL/off (http://landsat.usgs.gov/ ERDAS_Approach.php). SPOT (Satellite Earth Observation System) has relatively good coverage for southeast Greenland especially in the 1990s. Even 'quick-look' SPOT images have proven to be effective for detecting glacier front position (Johannessen and others, 2011) and were added to the database. The European Remote Sensing 1/2 SAR data, which have ∼25 m resolution, are available from the European Space Agency since July 1991. The SAR images were used primarily for the winter season.
The disparate satellite images were imported and consistently co-registered in the geographic information system ArcGIS for analysis. All types of data were co-registered and re-projected to Universal Transverse Mercator projection. Co-registration to overlapping Landsat ETM + data acquired in 2000 was done using visible, stationary tie points (e.g. rock outcrops, bends in coastline) near the glacier margin. For each image, we selected at least ten points, adding more tie points until the RMS of the differences in tie-point locations between the images did not increase with the addition of more tie points. This process resulted in the selection of 10-25 tie points. The images were then warp-registered to the tie-point locations using an affine transformation and bilinear re-sampling (Campbell, 2002) .
Glacier front position
For each image integrated in the GIS, we manually mapped the ice front position, and measured the distance from the edge to a reference point for each ice front position.
Because of the extensive number of images, we measured the front position using for the simple 'central line' approach instead of the 'box' method, as sensitivity tests have found that the two methods yield similar results, within ±100 m (e.g. Walsh and others, 2012) . The centerline method is far less labor intensive and measurements can be made when the front is partially obscured. Therefore, by using this method we increased the temporal sampling of glacier front position.
Errors in front position can arise from sensor resolution, geo-location error as well as error in the precision of manual digitizing. Image data prior to 1999 have lower resolution and thus comprise the upper limit of errors. Front positions were all digitized by a single operator to avoid any inter-operator bias. Relative errors (arising from all sources) were estimated by measuring the distance between two features for randomly selected images (∼30) from different sensors, the standard deviation for vector length was calculated. The estimated error is ∼±60 m (1-2 pixels), which is more than an order of magnitude less than the Helheim Glacier front variability.
Glacier calving activity
Estimates of calving amounts for each year were made by identifying cumulative area change from the time series of ice-front positions. This was done using a translational motion method by subtracting the distance from the reference point to glacier front position from the distance to the previous position and then multiplying by the glacier width at the position. Because measuring the actual area calved would require regular sampling throughout, as well as knowledge on ice-flow at each time step -conditions not met here -this is only a semi-quantitative indicator of calving amounts. While this definition involves an element of subjectivity, we argue that it provides a useful relative indicator of year-to-year calving activity, which we further compare with calving proxies (Andresen and others, 2012; . 
Glacier velocity
Although there are radar interferometric ice velocity datasets for Greenland glaciers including Helheim, their temporal coverage is inadequate for this study. The multidecadal time series of Helheim surface flow speed produced by Bevan and others (2012) for the late 1980s through the 2000s provides a useful baseline. Here, glacier surface velocity was extracted from imagery in selected periods of interest in the mid-1980s with large-amplitude changes in the front position. Several techniques have been developed to measure ice flow velocity (Bindschadler and Scambos, 1991; Csatho and others, 1999; Howat and others, 2007) . Visual (manual) feature tracking from consecutive images has been demonstrated to provide results comparable with automated methods (Whillans and Tseng, 1995) . Here, we determined velocity by tracing features in Landsat image pairs between 10 and 30 d apart. The flow speed velocity was measured near the calving front. At least 12 points (e.g. crevasses that could be identified on both images) were selected. Then the distance between the same features in the two images was tracked manually, and a digital vector overlay was produced.
Statistical methods
Statistical methods were applied to the time series of front position and derived parameters, in order to provide metrics and to identify and test for changes. Time series characteristics of interest are mean, variability and trend. Here the term 'trend' denotes a multiyear change in front position >2 km; i.e. not a long-term secular trend.
Statistical techniques were applied to objectively delimit different periods that may be subjectively apparent in the time series. A simple approach adapted from change-point analysis theory (e.g. Chen and Gupta, 2000) was used to locate the exact location of change-points, which are instances in time where the statistical properties before and after this time point differ. Here we tested different windows to optimally delimit the periods, based on maximizing W, the Levene's test statistic for homogeneity in variance (Levene, 1960) in adjacent periods.
Within each major period (1980-91, 1991-2001 and 2001-11) , statistics for central tendency (mean) and variability (range, variance and rate-of-change (based on leastsquares fit)) of the front position were calculated and where appropriate, tested for statistical significance (at α = 0.05). The magnitude of the seasonal cycle of advance and retreat was calculated with each period as the best-fit sinusoidal curve, as in harmonic analysis; this is a conservative measure of amplitude compared with a maximum-tominimum ('peak to trough') measurement, which would require more complete sampling.
Climate and ocean data
The possible response of Helheim Glacier to climate forcing was explored through comparing the 30 a of glacier front position with time series of nearby meteorological measurements (temperature and precipitation), as well as indicators of sea ice/ocean conditions. Surface air temperature (SAT) and precipitation measurements are available from the Danish Meteorological Institute coastal station at Tasiilaq (WMO ID 04360), which is 80-90 km southeast of the Helheim ice front. This is the closest station to Helheim Glacier that has a multidecadal record of measurements; although there are nearby AWS, none have any measurements before the 1990s. The Tasiilaq data analyzed are monthly, here aggregated into different seasons and an annual average.
Ocean temperature measurements taken within Sermilik Fjord are lacking except for a few years of field campaigns in the 2000s (e.g. Straneo and others, 2010; Johannessen and others, 2011) . Therefore, proxy indicators of local ocean conditions are needed. Here we considered three different proxies: (1) a paleo proxy reconstruction of temperature within Sermilik Fjord based on alkenone in sediment cores (Andresen and others, 2013) , which are however not annually resolved, (2) annual time series from Irminger Sea hydrographic measurements ∼400 m depth that have been used as a proxy for subsurface fjord water advected under the EGC and EGCC ( Johannessen and others, 2011) and (3) annual time series of a 'shelf index' indicative of polar water and sea ice versus Atlantic water on the southeast Greenland shelf, developed by Andresen and others (2012) . The shelf index is based on combining standardized measurements of ocean temperature south of Iceland together with observations of polar-origin sea ice ('Storis') along the Greenland coast (Schmith and Hansen, 2003) . Of these three proxies for ocean conditions near Helheim Glacier, the shelf index is emphasized here, as it is an integrated indicator of ocean/ice conditions, and has been related to Helheim Glacier calving (Andresen and others, 2012) .
Sea ice and ice mélange (a mixture of sea ice and icebergssikkusak in Greenlandic) conditions near the Helheim Glacier front were characterized for each year based on visible-band images available from late winter (March typically, and February-March from the 1990s onward). This temporal sampling -albeit incomplete -was necessary to feasibly produce a consistent classification for each year, 1980 to 2011. The characterization follows the classification from Moon and others (2015) : rigid, mixed (potentially rigid) and open (unlikely rigid). In addition, the same method was performed using several images from 1984-86, to focus on the extreme advance/retreat event 1984/85.
RESULTS
High-resolution multidecadal time series
The new high-temporal resolution record of Helheim Glacier front positions 1980-2011 is shown in Figure 2 . Differences between the two curves in the figure demonstrate the advantages of subannual sampling compared with the annual (end of summer) sampling that was presented by Johannessen and others (2011) . The 30 + year high-resolution time series (N = 218) is amenable to statistical analysis to constrain its variability ranging from seasonal to interdecadal time scales, and to place the 2000s changes in a longer-term perspective.
In the multidecadal perspective, the front position in August 2005 -at the end of the multi-year retreat 2001-05 (R 1 in Fig. 2) -is confirmed to be unprecedented in the satellite record, 4.5 km farther back than the most retracted position observed earlier in the time series, in September 1980. For several years before and after the retreat and readvance 2001-06 (R 1 and A 1 in Fig. 2) , the front positions are generally stable, with a stationary mean and low variability Howat and others, 2008; Johannessen and others, 2011; Bevan and others, 2012) .
However, the time series also reveals evidence of previously unseen behavior in the 1980s. There were several rapid and large-amplitude changes (|Δx/Δt|>2 km a −1 ) in calving front positions (labeled 1, 2 and 3 in Fig. 2) , the largest being a 6 km advance within a few months in 1984/ 85, followed by a 5 km retreat within a few weeks. The furthermost front position (x max ) in June 1985 extended 12.5 km beyond its most retreated position (x min ) in August 2005, such that the observed range of the Helheim Glacier front position is ∼50% greater than the 8 km suggested from previous studies (e.g. Andresen and others, 2012 , Supplementary material).
Decadal and sub-decadal changes
Markedly abrupt changes in variability are apparent in the 30 + year record of calving front position (Fig. 2) . Based on their statistical properties, the time series can be divided into three approximately decadal periods : 1980-91, 1991-2001 and 2001-12 (shading in Fig. 2 Fig. 2 ), the general advance was 5.5 km, which is the largest multiyear 'trend' in the record. During the subsequent sub-period 1984-86 ('2' in Fig. 2) , an even more pronounced advance-retreat episode occurred in 1984/85, as described in the next sub-section. The 1980s also had a seasonal cycle that was much more pronounced than in subsequent decades: the mean amplitude 1980-91 was ∼2.2 km, and during four consecutive years (1987-91; '3' in Fig. 2 ) the seasonal oscillation was even larger (∼2.8 km) and nearly regular in amplitude.
The 1990s were a relatively quiescent period for Helheim Glacier front position. The period is characterized by front position stability, with low variability around a stationary mean (S 1 in Fig. 2 ). The range of front positions was just 1.6 km. There was no net change in front position; the linear rate of change 1991-2001 was insignificant at -0.03 km a -1 , and no observed retreats or advances ≥2 km. While similar to the stable sub-period 2006-11 (S 2 in Fig. 2 ) in having a stationary mean, there are two differences: (1) mean front position x during S 1 measured from the reference point is 8.4 km, which is 5.1 km offset from the mean during S 2 , and (2) variability σ x during S 1 was significantly less than in S 2 , based on the W test-statistic for differences in variance (Levene, 1960) . On subannual time scales, the seasonal oscillation in the 1990s was relatively small (amplitude ∼500 m) and irregular. ) around a stable stationary mean (S 2 in Fig. 2) . Accordingly, the 2000s can be divided into three sub-periods R 1 , A 1 and S 2 , with change points in August 2005 and May 2006 (Fig. 2) . On subannual timescales, there was an irregular seasonal fluctuation with an overall amplitude ∼1.3 km.
'Surge-like' advance 1984/85
The most pronounced advance-retreat episode in the record occurred in 1984/85 ('2' in Fig. 2) . After a 2 km seasonal retreat in summer 1984, the glacier front appeared to have moved forward by nearly 6 km between two images from October 1984 and June 1985 (Figs 3a, d) (Fig. 4) , and a speed-up from 14 to 18 m d -1 as measured 10-14 km from the glacier front. These flow speeds are 2× the background flow speed for Helheim from the late 1980s to the early 2000s, and are comparable with the maximum speeds during the acceleration near the end of the multiyear retreat in 2005 ( Bevan and others, 2012) . The front reached its most forward observed position as an ephemeral floating tongue (image date 11 June 1985; Fig. 3d ), which exceeded the Little Ice Age (LIA) position ( Khan and others, 2014) . Afterwards the front retreated 4.9 km within a few weeks (image date 13 July 1985; Fig. 3e ) during a massive calving episode. The tabular icebergs evident in Figure 3e indicate that the glacier reached flotation. The frontal retreat continued nearly unabated until October 1986, a total retreat of 6.9 km from the June 1985 position.
Such an advance/retreat episode of several kilometers within a few months has never been previously observed for Helheim Glacier, and the retreat is of similar magnitude to 2001-05. For comparison, the front positions during the retreat in 2001-05 are plotted in Figure 5 . Although of comparable magnitude and starting locations in 1984 and 2001 (Fig. 5) , there are clear contrasts between the 1984 and 1985 and 2001-06 events: (1) The advance in 1984/85 occurred before the retreat, whereas in the 2001-06 case, the advance occurred after the retreat; the 2005/06 re-advance has been explained as a dynamical adjustment to the removal of resistive stresses due to the loss of grounded ice (Howat and others, 2008; Joughin and others, 2008) , whereas this is not the case for the advance in 1984/85. (2) Glacier flow speed increased during the 1984/85 advance and then decreased during the subsequent retreat. This is in contrast to the inverse relationship between ice speed and front position observed for Helheim -for example, acceleration during the 2001-05 retreat and deceleration during the 2005/06 advance -and for other major Greenland tidewater glaciers in general (Bevan and others, 2012) . (3) The retreat in the early 2000s -taken together with the near-synchronous acceleration and retreat elsewhere in southeast Greenland -was probably a response to oceanic and/or atmospheric warming (Howat and others, 2008; Murray and others, 2010; Johannessen and others, 2011; Seale and others, 2011) . The rapid 6 km advance in 1984/85 cannot be readily explained as a temperature response.
DISCUSSION
Glacio-climatic response or glacio-dynamics?
The volatile glacier-front variability in the 1980s -highlighted by the 6 km advance during 1984/85 and several other largemagnitude advance/retreat episodes -was not expected given the known behavior from the 1990s to 2000s, decades that were characterized by relatively low variability around stable mean front positions (S 1 and S 2 in Fig. 2 ), aside from the retreat then re-advance episode (2001-06). The question is the degree to which the observed variability in the 1980s represents a glacio-climatic response to atmosphere/ocean variations (e.g. Howat and others, 2008; Joughin and others, 2008; Johannessen and others, 2011) and/or unstable glacier dynamics. Figure 6 shows a comparison between Helheim Glacier front position and SAT, ocean sea ice conditions ('shelf index') and ice mélange conditions near the glacier front.
On the one hand, the magnitude of the subannual advance/retreat episodes in the 1980s, as well as the abruptness of changes in behavior through the record, is more pronounced than would be expected from the moderate temperature fluctuations. Further, although there was an amelioration of atmospheric and oceanic conditions throughout the 1990s, there was no large response of glacier front position, which remained stable until the rapid retreat began in 2001, coinciding with the abrupt onset of higher temperatures and higher shelf index (Figs 6a, b) . The mean front position x during the 1990s stable period S 1 may represent a 'preferred' position due to underlying factors associated with glacier basal topography and the grounding line. The same reasons may also explain the stability observed since 2006 ('S 2 ' in Figs 2, 5). The position of a glacier front relative to basal topography (e.g. a sill) influences the response of terminus position for a given forcing (Nick and others, 2009) . Here comparison of the mean front position x during S 1 and S 2 with the basal topography based on the three data sources ( Joughin and others, 2008; Bamber and others, 2013; Morlighem and others, 2014) suggests that S 1 coincides with a basal high, while S 2 may coincide with the inland margin of the sill, which the 3-D bed topography from Bamber and others (2013) and Morlighem and others (2014) indicates is shallower (in the southern part) than in the profile from Joughin and others (2008) . The influence of basal topography on Helheim Glacier front stability is thus strongly suggested, in agreement with Joughin and others (2008) and Nick and others (2009) .
On the other hand, some correspondence between the glacier front position and fluctuations of air temperature and ocean/sea ice conditions is apparent on interannual to decadal time scales, consistent with the interpretation of Johannessen and others (2011) and Andresen and others (2012) . The 1980s were the coldest decade in terms of SAT and the ocean/ice shelf index (Figs 6a, b) , and this was a period of general advance, with several advances >2 km a −1
. The individual seasonal advance/retreat episodes in the 1980s may also be connected, to some degree, with fluctuations in atmospheric and oceanic conditions. The advances from 1980 to 1983 ('1' in Fig. 2) , and three of the large-amplitude seasonal advances 1987-91 ('3' in Fig. 2 ) appear to coincide with low temperatures (Fig. 6a) , conditions that have been shown to be indirectly linked to stability or advances (e.g. Kjaer and others, 2012) . Moon and others (2015) found a strong correspondence between seasonal near-terminus sea ice/mélange conditions and terminus change for glaciers in northwest Greenland, with rigid ice mélange conditions associated with advance, and open water associated with retreat. Here we find that the four largest-amplitude seasonal advances (1984/85, 1987/88, 1988/89 and 1989/90 ) are associated with rigid ice mélange in winter, as suggested by Moon and others (2015) .
However, not all of the seasonal advance/retreat episodes can be explained by ice mélange conditions and temperature fluctuations. For example, although winter 1990/91 was not cold and had mixed mélange, there was another 2 km seasonal advance, which was possibly a glacio-dynamical response to successive cold winters. Moreover, the largest advance in 1984/85 ('2' in Fig. 2 ) appears to be different from the aforementioned advance/retreat episodes, as supported by the acceleration that occurred, which is not typical for a mélange-based advance. The extreme magnitude (6 km) of the advance and the abrupt increase in velocity suggest unstable glacier dynamics. Although the generally fast-flowing Helheim Glacier cannot be considered a true surge-type glacier, it is notable that the observed rapid advance had the diagnostic characteristics of surging tidewater glaciers in their active phase: (1) increased glacier flow speeds, (2) frontal advance, (3) increased calving and (4) morphological changes such as increased crevassing and a surge bulge (Paterson, 1994; Jiskoot, 2011) . It is also plausible that the advance in 1984/85 may have been facilitated by a mechanism hypothesized for glacial surging: meteorological conditioning leading to storage of large amounts of englacial water, which can gradually move downward subglacially and provide basal lubrication (e.g. Jiskoot, 2011) . Enhanced precipitation in late summer of the previous year may trigger a surge the following spring (Jiskoot and Juhlin, 2009 and references therein) . Here, the summer (JJA) rainfall amount in 1984 was the highest in the study period ->2 × higher (365 mm) than normal (162 mm, Danish Meteorological Institute, http://www.dmi.dk) -and the precipitation amounts were consistently high each month (113 mm in June; 132 mm in July; 120 mm in August). It is possible that these conditions were conducive to the 'surge-like' advance.
Enhanced calving activity in the coldest decade: 1980s
The pronounced advance/retreat behavior in the 1980s implies enhanced calving activity during that decade, despite no overall retreat such as was seen in the 2000s. Here, based on cumulative area losses from observed calving-front retreats, we made indicative estimates of calving amounts each year 1980-2011 (except for 1982 because of missing data) and aggregated the results by period (Fig. 6c) These calving-area estimates are comparable with independent calving proxy records for Helheim based on marine sediment cores from Sermilik Fjord ( Andresen and others, 2012; Andresen and others, 2014 ) -for reference, these are plotted in Figure 1 . There is general correspondence between our satellite-derived estimates vis-à-vis the sediment-based calving proxy from Andresen and others (2012) ; their most proximal core ER13 shows peaks in the 1980s and early 2000s, and lower values in the 1990s. Moreover, the Andresen and others (2014) cores 24 and 25 -located closer to the glacier -are a substantially better match to our estimates than the Andresen and others (2012) ; indeed their K/Ti-based calving reconstructions (their Figs 4a and b) closely match our estimates -with the 1980s appearing highest in both records.
These observations indicate that the dynamic behavior of Helheim Glacier can result in greater calving amounts during a cold period (with net advance) than during warm periods (with net retreat) such as the early 2000s. This confounds the interpretation of increased calving activity in proxy records as an indicator of retreat during warm phases (Andresen and others, 2012) . Peaks in calving activity can also represent dynamic mass losses through enhanced advance/retreat behavior during a cold period with reduced air and ocean temperatures, as demonstrated here and elsewhere in Greenland during the 1980s (e.g. Kjaer and others, 2012) . Moreover, our calving estimates do not include changes in ice thickness. It is reasonable to infer that the mass losses through calving in the 1980s vis-à-vis the 2000s were even greater than inferred from the area estimates, assuming greater ice thickness in the 1980s ( Khan and others, 2014 , and suggested from trim lines in the imagery).
CONCLUSIONS
We exploited the satellite archives to develop a new longterm high-resolution record of calving front position for Helheim Glacier, 1980 Glacier, -2011 Analysis of this record has revealed new aspects that nuance the previous understanding of its variability: with several large-amplitude advance/retreat episodes on subannual to interannual time scales, including a 6 km 'surge-like' advance in 1984/85 -behavior that has not been recorded in previous studies of Helheim Glacier. (4) There is some correspondence between the front position behavior and ice mélange associated with fluctuations of temperature and ocean conditions; however the magnitude of at least the 1984/85 advance appears greater, and changes in variability more abrupt than would be expected as a glacio-climatic response; thus glaciodynamics are important. (5) Dynamic advance/retreat behavior during the cold 1980s with reduced air and ocean temperatures resulted in calving amounts that were greater in the 1980s than in the warm 2000s. This confounds the interpretation of increased ice discharge as a straightforward response to climate warming.
These findings underscore the complexity of marineterminating Greenland outlet glacier variability (Post and others, 2012) and point to the need for further exploration of the satellite and aerial photo archives (e.g. Bjørk and others, 2012; Kjaer and others, 2012) to develop and analyze similar long-term, high-temporal-resolution records of other major Greenland outlet glaciers, in order to constrain and understand their natural variability. For example, a similar analysis of Fenris and Midgård glaciers, which also terminate in Sermilik Fjord, would allow testing the response of three proximal glaciers to essentially similar atmospheric and oceanic forcing, as well as improved interpretation of calving proxy records from marine sediment cores obtained in the fjord.
